b

UNPUBLLSHED PRELTAINARY DATA

"
e Pjﬁ;,L ?(//@(

Third Semi-Annual Report on NASA Contract HSG-LSh

Or. L. Z, Pollara, Principal Investigator
Dr. F. B. Clough, Co~investigator

Title

A Quantitative Study of Solutions Through Gas Chromatography

Report Prepared by

Zy

Francis B. Clough

Dprid C. lodbe.

David C. Llocke _
N65-83826

£ 2150 |

FACILITY FORM

(CATEGORY)
(NASA CR OR TMX OR AD NUMBER)

April 5, 1965



Third Semi~annual Report

on

MASA Contract NSG-LsSh

April 5, 1965

t. Administration of the Contract

A. Personnel

No new personnel have been added to the project. The eppointment
of a Greduate Assistant under the contract was again postponed, but it ic
hoped that a qualified Graduate Assistant will be available to work over
the summer.

B. Activity since last report (October 29, 1964)

The gas chromatograph is now operable, after the delays recounted
in the last report. Experiments are now in progress to define the condi-
tions of optimum performance for the purposes of the investigation, as dis-
cussed in the previous reports (see p. &k of the October report).

A stipulation that the cost of the components for our gas chromato~
graph should not exceed $2,707 was made in the letter from Br. Smull
(June 10, 1964) giving permission to purchase components, some from over-
seas, instead of the commercial gas chromatograph unit originally contem
plated, Our records show that the parts referred to cost approximately
$2,350. Brokerage fees and other expenses add arcund $200. The cost was
thus under the maximum stipulated, and represents a saving of approximste!ly
$950 over the allotment of $3,500 for the gas chromatograph. [n addition,
we believe we have obtained the superior temperature and Flow control walcn:

we were seeking.

During the period in which experinental work was hampered by the un-
fortunate delays in receiving essential parts, a'go@d deal of attention was
given to the matter of virial coefficients. The objeci was to explore means
of determining them rapidly (in particular with reference to the interaction
second virial coefficient, BIZ)' and to consider their significance in the
study of molecular interactions.

C. Projected activity on the project.

in the next six months a great deal of experimental date should come
from the work with the gas chromatograph. The analysis and interpretation



of the data is expected to be rewarding, As the previcus reports ex-

plained, the technic of factor analysis will play an important part In
the enalysis of the data, and 1t should be mentioned that some studies

for the purpose of making the computations of factor analysis casier to
manage and apply are being successfully pursued in the Chemistry Depari~
ment (although not under this project) in cooperation with the Stevens
Computer Laboratory.

Reprints of the article “Compressibility Factor for Monidea!l
Carrier Gases in Gas Chromatography,'” by D. E. Martire and D. C. Locke
{(Analytical Chem., 37, 14k (1964).) are enclosed with this report. As

mentioned In our October report, this work was Initiated prior to NASA

support of the project.

Dr. Locke has completed a manuscript, '"Gas-Solid Chromatography
With Real Carrier Gases,' which §s attached to this report. [n a revised
and abbreviated version, this work will soon be submitted for publication
to the Journal of Physical Chemistry.

In recent months a search has been made for measurements of second
virial coefficients which would give independent checks on the valuss wnich
can be extracted from gas chromatographic data. The study of these values
Is a part of the objective of this project. Where direct measurements have
not been made, it is necessary to calculate the second virial ceefficients
from other data. The methods involve, besides the use of P-V-T data, heat
of vaporization vapor pressure data, heat capacity data, sscund velocity
data, or refractive index measurements on the gas phase., Unfortunately,
there have been few direct measurements made on interaction second virial
coefficients. Recourse must be made generally either to gross approxima~
tions, or to measurements on mixtures of gases over a range of concentra=
tions. We suspect that the simplest approach is through the use of re-
fractive index measurements, following the method of Guggenheim and Ashion
{Proc. Phys. Soc., B69, 693 (1956). Calculations are being undertaken to
apply this method to available data.




Compressibility Factor for Nonideal Carrier Gases
in Gas Chromatography

Sir: The recent work of Desty,
et. al. (5) has demonstrated that the
carrier gas in gas chromatography can-
not be considered as an ideal, nomn-
interacting, peutral fluid whose only
action is to transport the solute vapors
through the column. When accurate
thermodynamic measurements are at-
tempted using gas chromatography, it
is necessary to correct for the non-
ideality of the gas phase (1, 5, 6). One
criticism which might still be leveled at
experimental studies in which non-
ideal gas behavior has been considered
(1, 5, 6) is that mean column pressures
and corrected retention volumes were
calculated using the Martin and James
compressibility factor (4, 8) which was
derived for ideal gases.

This communication describes a
method for calculating mean column
pressures for real carrier gases, where
gas phase interactions can cause ap-
preciable deviations from ideality. Itis
shown that the effect of nonideality on
mean column pressure is small, and can
be neglected in most cases except where
the highest accuracy is required.

Let us first review the derivation of
the Martin and James factor for ideal
gases, for comparison with the
expression for real carrier gases. The
carrier gas velocity, u, is related in a
general way to the pressure drop across
the column according to

u = —cdp/dx (1)

where ¢ is the column permeability con-
stant and p is the column pressure at
any point, z, down the column. For
an ideal gas, whose equation of state is
PV = nRT, it is readily shown that
the mass flow rate pu is given by

m
M

at any point down the column. In this
equation, m is the molar flow rate (moles
of carrier gas/unit time), M is the
molecular weight of the carrier gas, R is
the gas constant, T is the absolute
column temperature, and the sub-
scripted zeroes refer to column outlet
conditions. The mean column pressure

is defined by
L
J,
P=2—
[ a
0
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pu = pouo = - RT = constant (2)
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Substituting Equations 1 and 2 into 3,
changing wvariables from position to
pressure, and integrating,

fp‘ kil f ’ pdp
p=um DPolio _ vYm
P P
f _ cpdp f pdp
Pa Dolls Po

p— s (p® — po?) _

Y2 (it — po?)
2 e —1 .
’3— Do <_1> = /i @

a? —

where ¢ is the ratio of inlet to outlet
pressures, p;/po, and j is the Martin and
James compressibility factor.

For real gases, we choose a simple two-
term virial equation of state,

PV = nRT + nByP 6

where By is the second virial coefficient
of the carrier gas, representing inter-
actions occurring between the carrier
gas molecules. Equation 2 then be-
comes

p<u - %Bu> = Z%‘RT (6)

Thus

p (11@ + Bu) — —cdp/iz (D)
M\ p

Rearranging Equation 7,

] d
dp = — M [ _pdp ®)
mET\ | | Bup
RT

For the mean column pressure, we now
have

pdp

21
P _ fpo 1+ Bu p/RT

f”‘ pdp
m LT By p/RT

Integration yields:

(9

Expansion of the In terms in a
Maclaurin ~ series and  algebraic
simplification of the result leaves:

s (0 — po®) — Vs (Bu) X

P = o
Yy (s — po¥) — Vs (R‘XTI,> X
@ — pof) + ...
@ —pod) + ... an

In terms of & = p:/po, and neglecting
higher terms in the expansion,

P =

Ys(@® — 1) — /s (%,) (a° p: — po)

w/@ml @ =1 - (5h) @ - D

(12)
For po = 1.000 atm., Equation 12
becomes numerically equivalent to

Vo = 1) = Ve (ga) @ = 1

voar =1 = v () @ -
(13)

P =

Thus, for a given inlet and outlet pres-
sure, the mean column pressure will de-
pend upon the nature of the carrier gas.
The effect of nonideality will be greatest
for low column temperatures and high
inlet pressures. For ideal gases, By =
0, Equation 12 reduces to Equation 4.

To use this correction, values of
By at the column temperature are
needed. If it can be assumed that the
carrier gas molecules conform to the
corresponding states principle, second
virial coefficients can be calculated
from an empirical Beattie-Bridgeman
(2)-type formula shown by Guggenheim
and McGlashan (7) to be applicable
over a wide range of temperatures:

RTY? L _Biz 2 _ 2 ﬁ L 1(1+311PS/RT>}

IR

ﬂ') In (1 + By P.’/RT)]
Bu 1 + Bu po/RT

(10)




T
T*\3
0.503 <7> (14)

where V* and T* are the critical [or
characteristic (7)] volume and tempera-
ture of the carrier gas, respectively.
Values of By; at 25° C. for several of the
common carrier gases are presented in
Table I.

By, T*)
= 0.461 — 1.158 -
v* (

Mean column pressures calculated
from Equation 13 over a range of
pi/po_ratios normally encountered in
gas chromatography for several of the
most common carrier gases are presented
in Table II.

These calculations were made for po
= 1.000 atm. and a column tem-
perature of 25° C. As anticipated,
the effect is small, increasing with in-
creasing p:/po ratio and carrier gas

Critical Constants and Calculated Second Virial Coefficients

for Carrier Gases at 25° C.

(cm.’-mole‘{)

Table I.

Carrier gas T*s
He 7.66° K.
H. 43 4
N, 126.0
Ar 150.7
CO, S
CH. 190.3
CO 133.0
Ne 44 .8
0. 154.3

2,5 Data given in (7).
¢ Calculated from Equation 14.
4 Value given in (5).

V*b By

33.7 ce. +15 cc.-mole!
50 +15
90.2 —6
75.3 —-14
o —1244
98.8 —40
93.2 -9
41.7 +12
74.5 —16

Table Il. Mean Column Pressures Calculated from Equation 13
for po = 1 atm. at 25° C

Carrier By g N I

gas cc./mole 1.5 2.0 2.5 3.0
He, H. +15 1.26665 1.55551 1.85703 2.16648
Ideal 0 1.26667 1.55556 1.85714 2.16667
N, —6 1.26667 1.55558 1.85719 2.16674
Ar —14 1.26668 1.55560 1.85724 2.16684
CO, —124 1.26677 1.55596 1.85803 2.16820

Maximum 9%, difference
from ideal 0.01 0.03 0.05 0.07

Carrier By a

gas cc./mole 3.5 4.0 4.5 5.0
He, H, +15 2.48119 2.79959 3.12067 3.44375
Ideal 0 2.48148 2.80000 3.12121 3.44444
N. —6 2.48160 2.80016 3.12143 3.44472
Ar —14 2.48175 2.80038 3.12172 3.44509
CO, —124 2.48382 2.80330 3.12563 3.45010

Maximum 9, difference
from ideal 0.09 0.12 0.14 0.16

A reprint from
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nonideality; for CO. carrier gas at
pi/pe = 5.0, only a 0.169, error is in:
curred by using Equation 4 to cal-
culate the mean column pressure rather
than Equation 12. Thus, except in
unusual circumstances or where the
highest accuracy is desired, this cor-
rection need not be applied. Since the
mean column pressure depends upon
a, By, and T, it would be inconvenient
to prepare extensive tables of these
correction factors, as have been pre-
pared for the Martin and James j
factor (3).

It should be noted that as the mean
column pressure becomes very large,
higher terms will be needed in the
equation of state, Equation 5. Such a
circumstance, however, would be rare in
gas chromatography and is therefore
not considered here.
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CAS-SOLID CHRGMATOGRAPHY WITH REAL CARRIER GASES

by
David C, Locke
Department of Chemistry and Chemical Enginecering
Stavens Institute of Technology
Hoboken, New Jersey 07030

Introduction

Gas-solid chromatography (GSC) has been used for the separation
of gaseous mixtures somewhat longer then gas-liquid chromatography (GLC).
However, being restricted mainly to the analysis of the fixed gases and
simple organic ecompounds, the study of GSC became submerged in the deluge
of theory and application following the advent of GLC in 1952, More rze-
cently, however, renewed interest has arisen In linear elution GSC.,

Increasing atteﬁtion has been paid to the technique at recent
symposia.,u Pume11,33 whose text is a sourcebeok of ideas, has suggested
that the technique will become incressingly effective and attractive as new
developments arise in the experimental aspects of GSC, The broad chroma-
tograrhic interests of Giddi.ngsl'2 have recently returned te the thzory and
enalytical potential of G3C, The introduction of new adsorbents with ex=-
cellent chromatographic properties, such as f£ibrillar bcaeh‘mf.te:‘,23 end the

5,30,32 offer naw ereas for explora-

use of open tubular adsorption columns
tion. Sensitive ionization detectors permit the use of samples sufficicntly
small to insure operation in the linear (Hemry®s law) portion cf the ad-
sorption isotherm, with the elimination of problems attending nonlinzar ad-
sorption,

In this paper, several systems defined in terms of the observed

sample and carrier gas adsorption lsotherms are considered. Quantitative



predictions are made as to the effect of gas phase nonideality on the

retention behavior of adsorbates in GSC. As in C§£.G,,9 for a given carrisr

)

gas in the simpler adsorption systems, absolute sasmple retention
1linearly related to the mean column pressura; at constant pressure, re=
tent ion decreases with increasing nonideality of the gas phase, It is
anticipated that GSC will provide a simple, reasonably accurate method

for the determination of the second virial coefficients which characterize
these gas phase imperfections, The utilization of small changes in re-
tention with mean column pressure or carrier gas nonideality may have im-
portant analytical consequences for the resolution of difficulty eeparabie
mixtures, Since the fundamental distribution ceefficient is preportiecral
to the adsorption constant of the sample, it follows that GSC offers a
means for obtaining information about gas-solid interactions., It is sug-

gested that GSC has considerable potential for the separation of igotopes.

Theory

From the basic theorems of chromatography, it can be shown that the
retention time, ¢, , of some component of interest (the adsorbate} iz ro-

lated to its adsorption partition ratio, k, , by
tp = (L/u) (0 + ky) = ¢, (1% ky) oy
where L is the column length, u is the carrier gas velceity, ¢, is th=

retention time of an unadsorbed component, and %k, is defined by

. = anount of component in the adsorbed phasz €23
a amount of component in the gas phase

The more fundamental adsorption distribution ecocefficieat, X which ig

defined here as




-

number of moles of component adscrbed per unit weight
of adsorbent &)

a number of moles of component in the gas phase per
unit volume of gas phase

is related to the partition ratio according to

R, = k, (VA ()

a

where V8 is the interstitial volume of the column, the retention veclume
of an unadsorbed component, and w, is the weight of adsorbent in the
column, Note that K, has units of cc/g of adsorbent, while k; 1is
dimensionless. We could have as easily defined K, in terms of the num-
ber of moles of component adsorbed per unit area of adsorbent. In this
case K, would have dimensions of em, However, the weight of adsorbent
is more readily measured than its surface area. In any case, the f£inal
results will differ only by a constant, and as will be seen, we will
usually need to know both the surface arez and the weight of adsorbent
present.,

k, 1is determined using equation (i), K, can be obtained frem

a

equation (4) and is related to the corrected retention volume by
o
Vgl = VWK, w, (5)
and to the heat of adsorption, A H, , by

K, = c exp(- A H,/RT) {(8)

In this paper we shall be mainly corcerned with the effect of man

Il

eolumn pressure and gas phase nonideality on retention (K, or k,). Thoe

develorment used here relies heavily on the similar treatment of GLC by

. 9 . .
Luekhurst, who with Desty et al. considered this effect ‘n gas-liquid

3
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vystems,” The case of G888, hwovever, is S§Iisuiiy uov

curcaato;rn

l.l'

plicated: mnth the yvmpovent of interest and the ecarrier gaos nmay adsos,

and each may Zolicw a different adsorption isotherm, Purthermere, the

corvier ¢ v t2icve ideally for all practical purposes, as is efifoni 1
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deviate appracisbly from ideal behavior, It is apparent thet severs? la-

tinet sitvations need to be considered,

It wiil te aeéumed-in most cases that the adsorbate obays Henir'c
law for edsorption, i,e., that the amount of component present is so gnoil
that its adsorption isotherm is linear, Sxperimentally,this quelifisaticn
is easily wmet sinece very emall samp*es cmﬁ'Je wsed in ccnjuﬁctlon with
seasitive lonlvatLOﬁ detectors or microvoinnmﬁhstmal conductivity calils,
The carrier des may not bz adsorbed, or it wmay f£ollow a linear or a

Langewir-tyoe adsorption vsctnerm, depending upon the experimentel condie

tions, the cheracteristics of the adsorbent, anrd the naturz of

gas,

Situations wwnIVLpg multimoTeculur adsorption will ne

in this paper. Althovgh pesn column pregssuras may be as large ag coverl

atmespheres, normal operating temperatures zre censiderably hisharn o
critical tecuperatures of ile vaual earwvier sasoe, Thus cavrier goe ol

.
orpricn uswally

/7]
t.(a

will cocur c*ﬁv to an extent wni'q;gh e dzseribad by »

Linear ovr Longmuir-type isothers,

It will bo nece
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experinental devistions from ideal behavior ara reflectfons of os- v
{nrevraetions only,
Tha first cage to ba econsidered (

‘nen T
ae2 2

A

fo the aim
ecarricr 3cs is not adsorbed, the adsorbate follows a linear
Isctr - 77 ot ez rhnan Se eonsideved fdeal.  1In practice, such a

situstion could be approximated with very smell samples of simple adsor-

bates, He carrier gas, and moderately high column temperatures. Letting

of moles of cempenent in the gas phase,

nza/wa
Ka =™ (7)
n,8/V8
Following Barker and Everett®s derivationv1 we £ind an expression of
Henry’s adsorption law:
n,® = ky A pyS {53

1 =cm?2) is the adsorption constant, a funeting

wiere k; (in mole-atm”
of the ges=golid interaction potential energy; A is the surface aves of

the adserbent present; and ng is the partisl pressuve of srmple ¢nv) 1o

i

ent of interest above the adsorbent. Adsorption is linesr with ¢ho
of sample present. PFor ideal gases,
g g
n
...%. 2= .Egm 19
e RT
Thusg
T ‘Q r:"' 0y
n}; A e/ J&




kg = Ky (w,/V8) = ky A RT/VE (11)

k, 1s dimensionless, as it should be,

The next situation, Case II, is the same as Case 1 except that the
gas phase behaves nonideally. These conditions may be experienced with say
H, carrier gas and a low activity adsorbent (graphitized carbon black, for
examplezsyat moderate colum temperatures, The adsorbate follows a limear
isotherm but the carrier gas is not adsorbed, For real gases, we have in

place of equation 8,
nzg = ky A fzgo or 1In nza = 1n kyA + In fzg (12)

) 7
where fag is the fugacity of the adsorbate above the adsorbent, related1

to the partial pressure according to
in fzg = In Pzg + (B/RT) [ Byy = (1 - 2 (By1 = 2Byj3 * Bzg)} (13)

In this equation, y 1is the mole fraction of adsorbate vapor in the ges
phase, P is the mean column pressure, B33 and Byy are the second virini
coefficient of the pure carrier gas and adsorbate vapors, respectively, and
Byj2 is the interaction second virial coefficient, characterizing the inter-
actions between the earrier gas and the sample vapor molecules, at T % .
By is given by the expression27 relating Bjj; and Bjy to the second

virial coefficient of a gaseous mixture, By :

By = ¥2By2 + 2y(1 - y)Bjp ¢ {1i- y)2311 (1)
Since
v o= n8/(ny% ¢ nB) = p,B/(p,S + py8) = p,E/E (15)
where a% is the number of noles of gas phase present in the eolumn, and

iz the partial pressure of carrier gas preseat, and since



PVvE = (n,% + 0% (rr+ 3P (16)
equation 7 becomes
K ?cn*‘/w)[ v8/y(n,€ + nf) |
a “27"a yiny

= (nza/wa) (?/ng)'[ %; +y2B,, + 2y(1 = ¥)By, + (1 = y)zsll'] a7

Combining equations 12, 13, 15, and 17,

oL RT ‘ ”
In K, = In (kHAP/wa) + 1n [ : +'y2822 + 2y(1 - y)B12 + (1 = y) Bll}

P
R 2

For very small samples, y —» O , Then after rearranging equation 18, ex-

panding the resulting term 1n (1 ¢ Blls/RT),, and neglecting all but firvst

order terms in the expansion,

InK, = 1In (kg A RI/w,) ¢ 2B, B/RT (19)

A plot of InK;, vs P should be linear, with a slope of 2B15/RT and an
intercept identical to aquation 11.

Another case of lesser importance night also be considered. 1In Case
II1, the carrier gas closely approximates fdeal behavior while the adsorbate
vapors are thermodynamically imperfect. Such a circumstance might effectively
arise if e were used as a carrfer gas at high temperatures. Equation 16

now becomes

PvE = (n,®+n®) ar (20)

Agsuming, 17 furthermore, that
In £,5 = 1n p,® + PB,,/RT (21)
2 P2 22 “

substitution into equation 7 gives



8,
InK, = 1In (kA RTA7 ) + P Byy/RT (22)

At ordinary operating temperatures, it is expected that most common
carrier gases other than He or Hy will adserb on the active solid. One
of the simpler nonlinear isotherms that a carrier gas might obey is that of
Langmnir°25 This treatment, a kinetic approach, assumes monolayer adsorption
on a uniform, homogeneous surface., Lateral interactions between the ad-
sorbed species are negligible. In GSC, where the carrier gas and the sample
components may both be adsorbed, this requires that the only effect one ad-
sorbate can have‘on the adsorption of another is to reduce the available
surface area.3 Pormulation of the Langmuir isotherm for mixed adsorbates
thus proceeds as below:

Let © 1 and b 2 be the fractions of the surface of the adsorbant
occupied by adsorbates 1 and 2, respectively. 1 refers to the carrier gas
and 2 to the sample component under considaration., The fraction of free sur-=
face is therefore (1 = O 1 = 0 2). Since the rate of adsorption is pro-
portional to the partial pressure of the adsorbate above the adsorbent, and
to the available surface area of adsorbent, the rate of adsorption of 1 is
]S (1= 8, « O5), endthat of 2 s kpp8 (1 - O3 - 05,
where the k;°s are the respective rate constants. The desorption ratas are
k; -8 1 &and k; e 2 » respectively, where the k; are navw rate eonsiants.
At equilibrium, which we must assume is attained at =11 points dowﬁ the
oo lumn,

kppf - O;- B=k 9, (23)

Simulteneous sclution of these equations yields

4



g

e blpl
1+ blplg + bypy®

g
baPy

0,

N
3]
o
-

1+ bypy® ¢ bypy8

whera the bj are the ratio of the adsorptioﬁ/ﬂesorpiion rate congtanis,
the individual overall adsorption contants. If p,8 = 6 o or if by =0,
i.e., in the aTsencé of an adsorbing vapor, or in the presence of a non-
adsorbing one, equation Zu reverts to the ordinary Langmuir isother: for a
single gas,

The number of moles of the ith gas adsorbed is, in Langmir notation,
n? =nt 0; (253

vhere nmi is the number of moles of the ith component required to produce
a monolayer on the surface of the adsorbent. Substitution of this into

equation 24 gives

. ny b12®
nl =

np2 bypo®
nza - (28)

1 * byp® + baps8

vhich define a Lengmuir-type isotherm for miwxed adsorption, Bach gas de=
cranses the amount of adsorption‘of the other according to the relative wmzg-
nitudes of the bipig products,

In GSC, component 2, the adsorbate of intarest, will in gemeral obzg
a linear isotherm (b2p2g<3( 1). This situation prodwes limiting cases <f

equations 26:



10,

a

1
n® = ny by g%/ e b ®)

np? = gy bypya®/(1 + by ;i ®) (273

The adsorption of the carrier gas (component 1) is not appreciably affcc:icd
by the presence of component 2, but the linear adsorption of 2 is strongly
influenced by the adsorption of carrier gss.

Solving equatfons 27 for (1 + blplg) and equéting0
nza = ¢; m,° ng/plg ~ (28)

where ¢, = nm2 bzlhml by -

We can now consider Case IV, where the adsorbate obeys Henry’s law,
the carrier gas follows the Langmuir isotherm, and the gas phase behaves
ideally. ‘We can then identify plga the partiél pressure of carrier gas,
with the mean column pressure, P , to a good approximation. From equations

7, 9, and 28 ,

Ka = clnla RT/P ¥, {23

Prom equation 27, using plg = P . We have

K, = <, RT/'wa {1 + b1 P) (367

where ¢y = U nml by = nm? by . Thus for these systems, the distribution

ccefficient should decrease with both incrzasing column pressure, as could
be snticipated with a nonlinear isotherm, and with increasing strength of
carrier gas adsorption (increasing b,).

In Case V, the system under considersation is the same as Case IV awx-
cept thet all compeonents in the gas phase behove luperfectly Teplncing

partial pressures in equation 25 with fugacities, recalling the definisim

of vy , the mole fraction of sample wvapor in the gas vhrze, avd solos
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into equation 7,
a 8/0 8

K, = (3:)
a wa(ng€ + ng) (p,&/8) 7

Proceeding as above (equations 13 and 16) and using (5)
In 248 = 1n B + B8y, /RT (32
we arrive at the desired result,
K, = in [ e RIA, (1 B)) + (B/RD) (28gp - Byp) ¢33)

Under the proper circumstances, the adsorption of both the carrier
gas and the sample may best be described by & linear iscotherm. It will be
noted that equation 30 is applicable to both linear and Langmuir adsorption,
it being implicit in this equation that the only effect adsorption of cne
has on the other is to reduce the available surfaece area,

For the present case of linear adserption of both szmple vapor and

g

carrier gas, blplg and b,p,~ are both much less than 1, and the number

of moles of carriar gas adsorbed is given by

a 5 1 1 2 o
m- F Ny b]_ P],g = Do bl P {31)
for very small samples. Thus nla/f’ = “ml bl = ¢° , a new constznt: since

¢y ¢’ = ¢y , we arrive at the expretsions given in Table I for Cases VI end
VII, Descriptions of the Ffeatures of these systems are given in the Table,
Several more special cases might also be mentioned. The first of
these, Case VIEY, would apply if the sample cemponent £ollowed the Longrmir
isotherm, In this cese the carrier gas it not adsorbed, and the

is ideal. Prom equation 26, since by = g,

n® = 2 b, L bype®) (35
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R, = nza Vg/nzg Wy = n.m2 by RT/wy (1 + by pp€) (36)

New the distribution coefficient is dependent upon the sample size (ng} ¢
decreesing with inereasing ng s This is in agreement with experimental
cheervations ,25 If the amount of adsorbate present is allcwed to beeome vory
small, equation 36 reduces to the egquivalent to equaﬁion 10,

Langmuir-type adsorption of the sample in conjunction with linear or
Langmuir adsorption of the carrier gas leads to systems described by Caseé X
and X, respectively. As in Cases VI and VII, equation 31 holds although
nla and n2° are now defined by equations 37 and 26 for the two respective
situations:

a 1 €01 R
BT =My By By /(4 By pyY)

nzg‘ = nm2 by ng/(l + by ng) (37)

These results are also given in Table 1I .

Consideraticns similar to those employed above will allow assessmen:
of the effect of gas phase nonideality on retention in these cases. A sumnary
of the final results for K, for the various cases considered is given in

Table I.

Discussion

The equations in Table I are of interest from both a chrematographkic
and a thermodynemic peint of view, Chromatogrephically, a predietion of the
GSC behavior of several systems is presented. The eguilibrium distribution
cceffiéient per unit weight of adsorbent is proportional %o the adsorption
cons tant of the system, if the gas phase czn be considerad ideal, or pro=
portiocnal to this constant plus correc{:i.on foctors accounting for the none

ideniityv of +hae gan nheee. T4 ahAanld o roinded ond thatd +he annarend



TABLE %

Summary of Expressions for K, in Gas Solid Chromatography

Adscrbate Carrier Gas Adsorbate Carrier bgn.
Case Isotherm Isothern Vapor Gas Ky No, .
I Linear nal 12 1 Ka = ky A RT/w, 10
II  Linear NA i R in K, = In (kg A RI/w,) + 2 By B/RT 19
III Linear NA R I In K, = In (ky A RT/u,) + BgyB/RT 22
IV  Linear Langmiir kS I K, = ¢ RT/w, (1 ¢ b ¥) 30
V  Linear Langsuir R R In K, = In cpRTA, (1 + byF) + (B/RTI(2B), - By} 33
VI  Linear Linear 1 1 Ky = ey RTAL,
VII Linear  Linear R R InK, = In (cyRTAL,) ¢ (B/RTI(2Byy - Byy)
VIII Langmuir A 1 I K, =, RIA, (1 + by pf)
X  Langmuir  Linear I I Ka = €y RTA7, (1 + by p,8)
X  Langmmir  Langmuir I 1 K, ¢ RT/w, (1 + by v»m + b, vnmv
1

NA = Not Adsorbed
23y = 1deal Gas Phase

3R = Real, Nonideal Gas Phase
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ideality or nonideality of such systems is to a large extent dependent on.
the accuracy of the measurements made, Analytically, mﬁst chromatographic
systems behave ideally (in the thermodynamic sense) for all practical pur-
poses. Those equations derived for the ideal gas phases are limiting casc
for the real systems., For the cases with linear isotherms, but nonidecl

gas phases, 1ln K, should show a slight but linear dependence on the mean
column pressure for a given carrier gas; at constant pressure, 1In K,
should decrease with inereasing gas phase nonideality. For those systems
with nonlinear carrier gas isotherms, this pressure dependence arising from
vapor phase nonideality will be superimposed upon, and obscured by, the more
direct, stronger pressure dependence exerted through the factor of

(1 + by )1 . The actual contribution of the imperfection correction terms
to 1n K, is quite small, amounting to at most only a few percent,

Thermodynamically, we see that GSC may provide a simple method for
the determination of adsorption constants; second virial coefficients, de-
pending upon the nature of the systemsvplus the additional information de-
rivable from these quantities, as from their témperature dependence.

It might be noted that experiméntal adsorption Isotherms are readily
obtained by the frontal analysis technique of James and Phillips (22, 31).
In addition to being experimentally simpler and faster than conventional
methods, this procedure is especiaslly suited to the measurement of very low
adsorptions (surface areas 0.25 mz/g or less),

Since deviations from adsorption linearity are due even at very low
sample pressures, largely to adsorbent inhomogeneities, it is anticipated
that graphitized carboﬁ black will be a valuable adsorbent for experimental
studies in GSC. These active solids are prepared by heating carbon blacks
to about 3000°C , which causes a crystallization to small graphite polyheadra

with a very homogeneous surface of 6 - 30 m2/g (21, 28). Specially mcdified
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adsorbents, such as NaOH-treated Al,0; (34), also possess apparently L.
geneous surfaces, and produce linear isctherms.

If high column pressures and decidedly nonideal carrier gases are
used, highest accuracy requires the use of the nonideal carrier gas com-
pressibility factor (29), rather than j factors, for the calculation of
mean columh pressures.

Let us first consider the measurement of thermodynamic quantities
by GSC., The reliability of the results obtained with the aid of these
equations depends on the extent to which the various cases studied here
faithfully describe the physical systems under consideration, and on the
validity of the assumptions made concerning these systems. From the slopzs
of plots of 1n Ky , or 1In Kk, , vs P , the mean column pressure, we can
extract second virial coefficients for several of the real systems con-
sidered. There are definite limitations on the generality of the method.

Obviously, in Case V, the major pressure dependence of K, 1lies in
the "constant* term, in the factor of (1 ¢ by £)=! . This will make sccurate
measurements on the nonideality of &he gas phase virtually impossible. Thus
for these purposes, we must avoid conditions which lead to nomlinear adsorp-=
tion of the carrier gas; certain carrier gases are eliminated from useful
consideration. This is an immediate limitatiom.

Case I1I, where the carrier gas is considered ideal, will only hold,
and then only approximately, for He earrier gas, which is not ordfnarily
adsorbed. In this case, wa can extract from the retention data values of
Byy, the second virial coefficients of the pure sampie adsorbate vapors.
Other information can be obtained from systems deseribed in Cases II and ¥il.
Recall that here the carrier gas is either not adsorbed, or is adsorbed
linearly, respectively. Case II will be most applicable at ordinary chromas-

tographic temperatures witk H, carrisr ges; other carrier gases may be
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used at higher column temperatures, Systems involving heavier geses at
lower temperatures can best be treated as examples of Case VII. The slope

of the In Ky vs P plot

ase II, and

(2B;, - By1) for Case VII. ‘Used conjunctively, we have a potential maticd
for the determination of both quantities. Two different adsorbents of dif-
ferent activities aré required. If Case II describes sample retention for
the lower activity solid phase, and Case VII that for the more active ad-
sorbent, we can determine both By, an& Bj1 - Alternatively, we can obtain

312 from GLC measuremantsg

and then apply Case VIiI. Thus, twe columns are
required, either two adsorbent columns of different activity, or one with 2n
adsorbent and one with an adsorbent fixed phase. Since we are measuring ges
phase {nteractions, the nature of the columﬁ materials in either case should
not be critical, for all practical purposes. This is a3 major advantage of
the chromatographic method, in addition to its simplicity and speed.
Previous experimental studies in GSC have generally considered the
gas phase 1deal; however, these investigations have been more concerned with

19 with a detailed descri@tibn»oﬁ the chroma-

10,13

the theory of adsorption itself,

tographic process and resulting peak shapes, or with column efficiency in

Gscolzols

Adsorption constants can be recovered directly from the weasured X, ,
or from the intercept of the 1n K, - F plot, depending upon the desired
accﬁracy= As in the measurement of activity coefficients in GLC, extrapolas
tion to zero mean column pressure wtll»be necessary if carrier gases exhitiiting
nonideal behavior are used.

Barrar and Reesz calculated standard thermal entropies =nd erergiss of
adsorption from exparimentally determined Henry®s law eonstants. Linear re=

latfonships were found to exist between these quantitites {or their logarithns)
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and the covolume, the polarizability, and the force constant of the sad-

sorbed species, A theoretical basis for these observations has beecn

Theoretical calculation of Ik and measurement of K, allows determination
of solid surface areas (equation 10) which are in agreement with values
determined with the electron microscope,lvzo GSC retention data has also

been used to calculate heats of adsorption(equation 6)°8°16°18

It has been observed by Greene and Royls

that different carrier
gases have a marked effect on the retention time of a given adsorbate on a
given adsorbent. Table II gives their data, plus an assumed value of k,
and a relative value of by , calculated from their data as discussed be-
low, This behavior can be attributed to the fact that the adsorption of
carrier gas reduces the adsorbent area available to the sample vapors; as
was discussed above. This is most easily seen if we assume Case IV holds
for these systems, Here, k, = ¢, RT/VE (1 ¢ b;PF). All else being equal,
the only quantity in the above equation dependent upon thé nature of the
carrier gas is by , the adsorption constant of the carrier gas. As the
degree of adsorption of carrier gas inéreasesu by inereases, and k,
daereases. 1f values

TABLE 1I

Effect of Carrier Gas on the Retention Time of Methane

Carrier Gas t% (min) kg ' b%
Helium 34 16 0
Argon 22 10 0.30
Hitrogen i6 7 0.64

Air 15 6.5 0.73

Acetylene 5 1.5 &u.83
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1Retention times of CH, on 10 foot charcoal column at 25°C.

Flow rate of carrier gases, 70 cc/min,

2 - 9 min
Caleculated from k, = t_./t, - 1, ssewming 5 = 2 =min,

3values based on bl(He) = 0, See text,

of b; are known, quantitative prediction of retention behavior folliows.,
Conversely, relative values of b; can be calculated from the partition
ratios (or retention times) of some compound on a given adserbent, using
different carrier gases at constant temperature and ; - If one value
of b1 is known independently, or can be measured by other chromatographic
experiments (as in Case VIII with He carrier gas and very small samples
of the compound of interest such as.Ar; Ny, cznz » etec.), then we can com-
pute the others, ,

For example, using Greene and Roy's data,ls assuming t, = 2 min
(this cannot be clearly determined from their péper)o wa first calculsate
the values of k, listed in Table II. Assuning P = 1.5 atm., by(He) = 0
(not adsorbed), and VB = 140 cc, neglecting gas imperfections, we find
cy = 0,092, Using these values, we calculate the relative values of by
found in the Table for the various carrier gases, based on by(He). Un-
fortunately, insufficient data are available in the litarature to éhzck
these numbers,

GSC thus provides a simple, rapid, and probably accurate method for
the determination of several quantitites of thermodynamic interest.

An important parameter in analytical gas chromatography is the re-
solving power of the column, expressed as the resolution, Ry , of two
closely=cluted compounds of interest, defined here as the ratio of the dif-

ference in retention times, te, ~ trlo to the standard deviation, G

2
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of one of the pzaks, assuming (" 1 3 N 2 = G ., It is readily
shownn that

] 1

K

(k“,k
y | (o<~1 )( 2 ) .
g™ = ‘r eam——— (383
s = ‘Nil"sz SRS 1+ ky

wiere N s the number of theoretical plates generated by the second {iates)

component, and o« is the relative retention, ky/k; . From equation 38,
and the equations given in Table I, it follows that resolution in GSC is
given by the expressions below for the representative systems described in

Cases I, IV, and VI,

o - Iyt
Case I: Ry = ’rﬁ( ”; 1) ( kHA' " Vg/R'r)° etc. (32)

The adsorption constants refer to those of the compound of longer retention
time, labeled here as mumber 2.

It is apparent that approximately simflar N will be required to
effect the same resolution in Cases I and VI as in GLC. However, Giddingsl?
has predicted greater efficiencies for CSC columns., In Case IV, rasolution
is a function of the nature of the carrier gas and of the wean column pres-
sure, as is retention, Por systems with nonlinear isotherms, resolution
will decrease somewhat with Increasing pressure. Physiecally, this can zgain
be rationalized in terms of the increased carrier gas adsorption reducing
the adsorption sites available to the sample_poleculesa

The correction factors for gas phsse nonideality will affect resolu-
tion through both k, and X . Sinece this change in retention is de=
pendent not only con the nature of the carrier gas and the mean column
pressure, but to some extent also on the structure of the sample molecules,
subtle diffarences in ka and o< can often provide sufficient change

in R, to allow a difffcult separation teo be made. 2 This affect will
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be especially noticeable when capillary columns are used. It is far sinpler
to change the carrier gas or the mean column pressure than to changa the
adsorbent to achieve a separation.

GSC also promises to have far wider application to the separation
of isotopes than GLC, Using as an example Case IV or VI, the relative

retention is

2 2
o = Kp/Ky = e3p/ey) = Tgybyp/ngy by = ba/byy (%0

Prom kinetic gas th.eory," by has been given as

4 H,./RT
bae = J,o 2 : . (141)
2 1/2
ko (2 ™ MRT)

where 5 o I8 the accommodation (or sticking or condensation) coefficient
of the adsorbate on the bare adsorbent surface, A H; 1is the heat of ad-
sorption, ko is an evaporation raté constant, and M is the molecular

weight of the adsorbate. Assuming ol 02 T A 01 » ¥go = kgy o and

Ay, T oam ., < ¥ N, 2

In GLC, if an appropriate liquid could be foumd for this purpose, (e.g., CE.

reference 6)

« = X2p20/ §im® = p%n° (43)

where )/'1 is the activity coefficient of the solute in the staticnary
liquid phase and pio is the vapor pressure of the pure solute.

As an example, consider the chromatographic separation of sz end
N215 . 'The wvapor pressures at the triple point are %&.01 and 93.87 mm Hz |,
respectivaly] Thus for GLC, o = Oi,01/93,87 = 1,0042, Por GSC, how-
ever, o{ = 'V 30/28 = 1.0351. | For reasonable retention times,

k = 0, Ryg= v [(X = 1)/« . If say 98% resolution is desirad,
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R; = 4 , the required number of theoretical plates is about N = 230,000
for the GLC column and about N = 14,000 for the adsorbent column,

Assuming & HEIT of 1 mm, the GLC column would have to be about 930 m long
(over a half mile) while we would need a GSC column only 14 m long. While
these values are approximate, they do give some further idea of the analyti-

cal potential of GSC.

Sumnary

The retention behavior of several defined gas-solid chromatographic
systems has been predicted. Sample retention is linearly related to the
mean column pressure, decreasing slightly with increasing pressure of non-
ideal carrier gases, even in the simplest systems. In the limiting cases
of gas phasa ideality, the distribution coefficfent per unit weight of ad-
sorbent is proportional to the sample adsorption constant. No presumptions
are made as to tha nature of the interactions which give rise to adsorption:
rather, the systems considered are classified according to their observed
behavior in terms of the sample and carrier gas adsorption isotherms. The
equations presented here are thus restricted to those systems as can be
described by the isotherms discussed in this paper., The treatment is, how-
ever, readily extendad to other types of isotherms,

- Considerable potential is seen for the extraction from GSC data of
second virial coefficients, adsorption constants, and quantities calculable
from these parameters. Analytically, it may be possible to exploit small
changes in sample retention arising from gas phase interactions to help
effect difficult separations, Gas-solid chromatography also appears to
provide a more powerful isotope separation technique than gas-liquid chroma=

tography.
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Unfortunately, sufficient data appropriate for testing the theory

presented here has not been given in the literature. Experimental studies

to this end are therefore being undertaken in this labhoratory,
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